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ABSTRACT
The survey description and near-infrared properties for 92 galaxies are presented for
the Extended Disc Galaxy Exploration Science (EDGES) Survey, along with an inves-
tigation into the properties of the stellar halos of these galaxies. EDGES is a Spitzer
Space Telescope Warm Mission program designed to reach the surface brightness limit
(∼0.5 kJy sr−1 or 29 AB mag arcsec−2) of the Infrared Array Camera (IRAC) 3.6
and 4.5 µm bands for a wide range of galaxy types found within the local volume.
The surface brightness profiles exhibit a large range in disc scalelength, with breaks
more frequently seen than in previous studies, owing in large part to the extremely
deep near-infrared imaging. A number of these surface brightness profile breaks may
be due to stellar halos, up to 7 galaxies out of the full sample of 92 galaxies, and we
explore these implications in relation to current cosmological models. We also report
the discovery of a new tidal stream near NGC 3953.
Key words: galaxies: evolution; galaxies: photometry; galaxies: stellar content; galax-
ies: structure; galaxies: interactions
1 INTRODUCTION
A significant hurdle of ΛCDM-based cosmological simula-
tions has been the so-called“missing satellite problem”. Sim-
ply put, early ΛCDM-based simulations (Kauffmann et al.
1993; Navarro et al. 1996) found an order of magnitude
more satellite galaxies than observed orbiting the Milky Way
(Klypin et al. 1999; Moore et al. 1999; Bullock et al. 2000).
The degree of this problem has since diminished due to a
number of new findings which include: models with more
detailed physics (e.g. Guo et al. 2011; Wetzel et al. 2016), a
more complete understanding of the satellite mass function
(e.g. Bullock et al. 2010; Guo et al. 2015), and the find-
ing that observed satellites are less massive than they were
originally due to tidal stripping (Kravtsov et al. 2004). Also,
more low-mass galaxies have recently been discovered near
the Milky Way (e.g. Belokurov et al. 2006; Zucker et al. 2006;
Martin et al. 2007; Koposov et al. 2015), the Andromeda
galaxy (e.g. Zucker et al. 2007; Irwin et al. 2008), and be-
yond (e.g. Javanmardi et al. 2016; Mun˜oz et al. 2015) since
the “missing satellite problem” was originally posited.
An alternative test of ΛCDM-based simulations is the
comparison of measured to predicted stellar halo masses.
? E-mail: sstaudaher@gatech.edu
† E-mail: ddale@uwyo.edu
Stellar halos are diffuse spherical distributions of stars which
are thought to surround most galaxies larger than dwarfs.
These halos are predominantly made up of stars which have
been stripped via tidal forces from satellite galaxies (which
are often destroyed in this process) and deposited onto a
larger host galaxy. The number and size of satellite galaxies
available to be tidally disrupted is determined by cosmolog-
ical parameters. It is therefore possible to use cosmological
simulations to determine the predicted distribution of stellar
halo masses, and then test these predictions with observa-
tions.
The relation between stellar halo mass and total stellar
mass has been simulated by a few teams thus far (John-
ston et al. 2008; Purcell et al. 2011; Cooper et al. 2013;
Rodriguez-Gomez et al. 2015, 2016; Elias et al. 2018), who
find that the stellar halo mass fraction increases with total
stellar mass, but with a high amount of scatter. This scatter
is likely due to the finding that the majority of stellar halo
mass is accreted from a single, large, satellite (Bullock &
Johnston 2005; D’Souza & Bell 2018). Observational confir-
mation of these results has proven to be difficult. Stellar ha-
los are amongst the dimmest stellar components of a galaxy
at 28 AB mag arcsec−2 (Cooper et al. 2013), where slight
deviations from perfect flat-fielding of images, the extended
wings of point spread functions (PSFs) (Sandin 2014, 2015),
and the time required to reach these depths, hinders de-
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tections. Nevertheless, several stellar halo masses have been
measured in individual galaxies. These include the Milky
Way (Carollo et al. 2010), NGC253 (Bailin et al. 2011), M31
(Courteau et al. 2011), M101 (van Dokkum et al. 2014),
NGC3115 (Peacock et al. 2015), M63 (Staudaher et al.
2015), and UGC00180 (Trujillo & Fliri 2016). Stellar halos
have also been found within small targeted surveys includ-
ing GHOSTS (Harmsen et al. 2017) and Dragonfly (Merritt
et al. 2016). The consensus from these results is that the
simulations find more massive stellar halos than observed.
However, the methodologies used to calculate stellar halo
masses vary greatly: from counting stars in the Milky Way
(Carollo et al. 2010), to optical colors (van Dokkum et al.
2014; Trujillo & Fliri 2016), to near-infrared Spitzer Space
Telescope 3.6 µm imaging (Courteau et al. 2011; Staudaher
et al. 2015), to Hubble Space Telescope color-magnitude dia-
grams which resolve red giant stars (Bailin et al. 2011; Pea-
cock et al. 2015; Harmsen et al. 2017). A large sample size
is also important due to the aformentioned stochastic accre-
tion process of stellar halo populations. To observationally
test the predicted halo mass relation requires a large robust
sample with consistent measurement techniques.
The first large scale observational examination
(D’Souza et al. 2014) of stellar halos was done by group-
ing >45,000 Sloan Digital Sky Survey (SDSS) galaxies by
mass bins, and then stacking every image in a given bin to
produce an extremely deep image (µr ∼ 32 mag arcsec−2) of
an average galaxy. They found that the average stellar halo
for galaxies from 1010-1011.4 M (split into 6 mass bins) are
in general agreement with simulations. The Dragonfly group
uses a robotic array of refractive telescopes which helps to
minimize scattered light and thus leads to improved flat-
fielding (Abraham & van Dokkum 2014). They are in the
process of conducting a survey of stellar halos (Merritt et al.
2016) and have successfully measured the stellar halo mass
fraction for five galaxies, with three stellar halos remaining
undetected down to µg ∼ 31 mag arcsec−2. The Dragonfly
results systematically find stellar halo mass fractions lower
than predicted by simulations. A promising survey, MAD-
CASH (Magellanic Analog Dwarf Companions And Stellar
Halos) has discovered a faint dwarf galaxy (Carlin et al.
2016) and will examine resolved stars within stellar halos
for several nearby LMC analogs. The first large scale sur-
vey of individually resolved stellar halos was completed with
data from the Hyper Suprime-Cam-based Subaru Strategic
Program (Aihara et al. 2018) in Huang et al. (2018). They
studied ∼3,000 galaxies between 0.3 < z < 0.5 using high
quality data that reaches i > 28.5 mag arcsec−2 allowing
measurements of stellar halos to 100 kpc. They find an as-
tounding agreement with the Illustris-based simulations of
Rodriguez-Gomez et al. (2016). The majority of their galax-
ies fit within the 1-σ envelope of the predicted relation be-
tween the fraction of stellar halo mass and total stellar mass
from 11 − 12 log(M?/M).
We pursue an observational approach to quantifying the
stellar halos in nearby galaxies, one that is based on ex-
tremely deep and spatially wide near-infrared imaging. The
Extended Disc Galaxy Exploration Science (EDGES) pro-
gram is a Warm Spitzer survey of 92 galaxies designed to
measure the dimmest stellar structures in nearby galaxies.
In this paper we first discuss the sample selection and ex-
plain our general observational strategy. We detail the pro-
cessing techniques which generate our mosaics and surface
brightness profiles. We then show how the surface brightness
profiles are decomposed into individual components and how
the mass of these components is measured. From these mea-
surements the statistics of up-bending, and down-bending
breaks are examined, and these findings are compared to
predictions from ΛCDM-based simulations.
2 SAMPLE
EDGES consists of 92 nearby galaxies spanning a wide range
of physical properties and possible formation histories (as
shown in Dale et al. (2016) and Dale (2019, in prep.)). Due
to the exploratory nature of the project, several galaxies of
each morphological type, luminosity, and inclination angle
are included in order to explore the relationships between the
extended stellar distribution and global properties of galax-
ies in general. The selected galaxies are drawn from a parent
sample of all galaxies listed in the NASA/IPAC Extragalac-
tic Database (NED) with velocities less than 3000 km s−1
and |b| > 20◦. The primary selection criteria include both
a minimum and maximum distance cut, a minimum and
maximum angular size cut (2′ < D25 < 13′), an apparent
magnitude limit (mB < 16), and a very strict Galactic lati-
tude constraint (|b| > 60◦). The latter criterion is imposed
based on our experience with data from our pilot projects
in Cycle 6 (PIDs 60094 and 60116, see Barnes et al. (2014)),
where even moderate galactic latitude fields have significant
contamination by foreground stars at the depths of these
images. In addition, to minimise confusion with background
structure, we exclude all potential targets within 20◦ of the
center of the Virgo cluster. Note that the combination of
the distance cut and apparent magnitude limit results in
a nearly complete parent sample for galaxies brighter than
MB of −15; thus, in order to maintain a nearly complete
parent sample while still including a representative sample
of low mass galaxies, we further limit the sample to those
galaxies brighter than MB of −14. This final selection cri-
terion ensures that the majority of galaxies in this sample
are representative of systems that encompass the majority
of baryonic mass in this volume element.
The volume element for this survey was selected to op-
timise our ability to identify and trace extended stellar com-
ponents within the observational constraints of Spitzer and
other telescopes. Specifically, we excluded galaxies within
2 Mpc of the Milky Way since both the primary target and
any associated stellar streams are too large to map efficiently
with IRAC, with angular sizes up to tens of degrees. We also
imposed a maximum redshift constraint (v < 1100 km s−1) to
facilitate targeted follow-up observations of stellar features
identified in the survey; this outer distance limit enables
ancillary observations designed to investigate the resolved
stellar populations of selected small fields to further explore
their origin and structure. The redshift limit allows such ob-
servations to probe the tip of the red giant branch of these
targeted fields with reasonable integration times using ex-
isting instrumentation available on ground-based telescopes
and the Hubble Space Telescope.
Minimum and maximum angular size constraints were
imposed to best match our observational mapping strategy
to the areal coverage required to trace the extended stel-
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Figure 1. The distribution of optical morphology (top left), apparent B-band magnitude (top right), Galactic latitude, |b | (bottom left),
and distance (bottom right).
lar population (5 × R25). We excluded small angular extent
targets from the sample in order to best match the mini-
mum primary field-of-view (FOV) from our mapping strat-
egy (10′ × 10′ for an 8 × 8 grid) with the known optical ex-
tent. While this criterion preferentially excluded low mass
galaxies from the final sample, our science goals only re-
quire a representative sample, with well defined selection
criteria, which can then be compared to a sample selected
in a similar manner from ΛCDM simulations; thus, a slight
over-representation of massive galaxies (relative to the par-
ent sample) is acceptable. The maximum size limit was im-
posed so that the maximum FOV to be mapped could be
accomplished within a single Spitzer Astronomical Observ-
ing Request (AOR). While it was nominally possible to split
observations into multiple AORs to map the large FOVs
required for the 7 extremely large nearby galaxies in this
survey volume, the potential systematic errors associated
with matching sky levels for data taken at different times
would have posed significant challenges to meeting our sci-
ence goals.
The above constraints resulted in a potential sample of
122 galaxies. We examined each field visually to eliminate
galaxies that would require masking a significant fraction of
the FOV due to either numerous conspicuous foreground or
background source contamination (Milky Way stars, galax-
ies, and galaxy clusters). We also examined each potential
field with the Spitzer planning software package SPOT to
verify that each target has low infrared sky levels at both
3.6 µm and 4.5 µm. As expected given the location of these
galaxies, the typical infrared sky levels for this sample are
less than 0.1 MJy sr−1 at 3.6 µm.
The final galaxy sample is a well defined and statis-
tically representative sample of normal galaxies within this
volume (see Figure 1 for the general properties of this sample
and Table 1 for the properties of individual galaxies). Our
deep observations of a large FOV (at least 5 R25) around
this representative sample of 92 galaxies provides an un-
precedented view of the faint stellar populations associated
with nearby galaxies.
3 OBSERVATIONAL STRATEGY AND DATA
PROCESSING
3.1 Mapping strategy
Our observations are designed to map a field of view that
corresponds to at least a factor of 5 beyond a galaxy’s bright
optical component. The need for wide field mapping obser-
vations is driven by the estimated sizes of dark matter halos
relative to their bright baryonic components and by the ob-
served extent of the largest gaseous discs currently known.
Kinematic tracers indicate that the dark matter halos ex-
tend at least a factor of 5 beyond the high surface brightness
component for both early- (e.g Rhode et al. 2007) and late-
type galaxies (e.g. Zaritsky et al. 1993; Christlein & Zarit-
sky 2008). Further, extremely large atomic gas discs (HI-to-
optical size ratios of 7-10) have been identified in several low
mass dwarf irregular galaxies (e.g. NGC 3741 Begum et al.
2008), indicating that the baryonic component may extend
MNRAS 000, 1–19 (2019)
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well beyond the high surface brightness regime even in iso-
lated galaxies. Finally, Regan et al. (2006) find smoothly
varying stellar surface brightnesses at 3.6 µm out to at least
2 R25, the limit of the SINGS and S4G data (Kennicutt et al.
2003; Sheth et al. 2010), indicating that deeper observations
would reveal a more extended stellar component in most spi-
ral galaxies. Thus, while our observations are exploratory in
nature, our observing strategy samples the faint extended
stellar distributions for every galaxy.
Astronomical Observing Requests (AORs) were con-
structed using the successful strategy employed for our Cy-
cle 6 pilot studies (see Barnes et al. (2014)). Mosaics are
built upon a grid of 100′′ spacings (∼one-third the IRAC
FOV). Two sets of maps are obtained for each source to en-
able asteroid removal and to enhance map sensitivity and re-
dundancy. At any given location within the map cores there
are a total of 18 100 s frames resulting in a net integration
per sky position of 1800 s (along with a 1200 s, 100′′-wide
“inner periphery” and a 600 s, 100′′-wide “outer periphery”).
The mosaics for 3.6 µm observations are centered on the tar-
get galaxies, but even our smallest maps have sufficient sky
coverage that the FOV of the corresponding 4.5 µm mosaic
includes the galaxy as well. The smallest maps are 8× 8 mo-
saics, providing 10′ map cores at the deepest 1800 s effective
integration. For highly inclined galaxies, the mosaic pattern
was modified to generate long rectangular strips for 31 fields
(such restrictions were not required for the face-on galaxies
for which there is no preferred direction for the map).
3.2 Pre-processing and mosaicking
The EDGES observations took place from 2011-06-20 to
2013-03-13 and are currently freely available at the Spitzer
Heritage Archive under PID:80025, and we plan to make the
fully processed mosaics available via NED. The raw data of
EDGES are a massive trove of 33,434 individual pointings
totaling over a month of exposure time (1005.3 hours). In or-
der to analyse these data we have created mosaics using the
MOPEX pipeline with the BCD images including standard
pre- and post-processing fixes for Warm Mission data. The
pre-processing steps include the removal of a frame-wide bias
caused by “stuck” pixels, the so-called “column-pulldown ef-
fect”, the “first-frame effect”, and a dependence of the bias
on frame number. A more detailed description of this pro-
cess is found in Staudaher et al. (2015), and see also Krick
et al. (2011) for an analysis of the effects removed in pre-
processing.
3.3 Post-processing
Post-processing of the mosaics begins with the removal of
the 3.6 µm sky by subtracting a fitted plane gradient to
a suite of individually defined rectangular sky regions with
the IDL function MPFITFUN. The subset of galaxies with sat-
urated pixels at their centers are corrected with shallower
archival data. Archival mosaics are generated from BCD-
level data using our pipeline with our pixel mapping solution
(the Fiducial Image Frame), and saturated pixels in EDGES
mosaics are replaced with the unsaturated values from the
newly generated archival mosaics. Also, as a further check,
the pixel values within the archival mosaics are compared to
the pixel values in the EDGES mosaics.
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Figure 2. The dependence of the standard deviation within sky
apertures on smoothing kernel size.
Foreground stars and background galaxies are the
largest contaminants in the EDGES mosaics due to the ex-
tremely low background noise level of ∼ 2.5 kJy sr−1. To
remove these contaminants a SExtractor (Bertin & Arnouts
1996) catalog of sources is generated for every mosaic. The
SExtractor algorithm correctly identifies stars and back-
ground galaxies beyond the extent of EDGES galaxies. How-
ever, within the diffuse emission of our targets SExtractor
overestimates the extent of point sources and misidentifies
spiral structure as independent galaxies. To remedy these
issues the extent of point sources within extended structure
are adjusted by hand and misidentified spiral structures are
removed. Once the catalogs have been properly edited they
are used to generate masks for each mosaic.
After masking, the mosaics are smoothed to reach the
3.6 µm Spitzer warm-mission limiting surface brightness of
∼ 0.5 kJy sr−1, (1 σ per pixel; see Krick et al. (2011) for
examples and discussion). The smoothing is accomplished
using the python function astropy.convolve (Astropy Col-
laboration et al. 2013) with a 2D-Gaussian kernel. The size
of this kernel was determined by convolving every mosaic
with a variety of filters of different sizes and measuring the
standard deviation of the sky (using the same manually de-
fined sky regions used in the measurement of the sky gradi-
ent) for the entire sample (see Figure 2). The 4 pixel (3′′)
wide kernel is the first to reach the Warm Mission’s lim-
iting surface brightness and is chosen for this study. We
also note that the convolution algorithm uses the smooth-
ing kernel to interpolate over missing values in the image.
Normally this is not ideal as the interpolated data lack the
noise characteristics of the original image, the structure be-
neath the interpolated-over source may not necessarily be
smooth, and this interpolation may recover sources which
have not been fully masked. However, missing data causes
the surface brightness profile fitting (described below) to fail
prematurely, and thus we use astropy’s interpolative convo-
lution method while noting the above issues. See Figure 3
for a suite of example mosaics.
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Figure 3. A sampling of 3.6 µm mosaics. Black ellipses are R25, red ellipses are Type-II breaks, and blue ellipses are Type-III breaks.
4 RESULTS
4.1 Surface brightness profiles
Once background and foreground sources have been removed
from the mosaics and the mosaics have been smoothed, the
IRAF task ELLIPSE is run to generate surface brightness
profiles. The ellipticity, central position, and position angle
are left as free parameters to minimise uncertainties caused
by differences of orientation and position between the outer
and inner isophotes. The cause of these differences may be
from interactions with nearby galaxies, the presence of dis-
tinct thick and thin discs or a bar, or extreme radial migra-
tion. The initial galaxy centers are defined by their RC3 val-
ues (de Vaucouleurs et al. 1991) with the Spitzer-calibrated
world coordinate system. In cases where ELLIPSE fitting
fails to find a solution using the RC3 values the centers
are defined manually. An iterative 4σ rejection is used to
minimise the effect of cosmic rays and unidentified point
sources, and the surface brightness profile is sampled lin-
early with an annular width of 4 pixels (3′′) per bin. Also,
a pixel list file is generated to properly mask any missing
data. Once the surface brightness is measured the profiles
are converted into AB-based magnitudes with the calibra-
tion from Reach et al. (2005). Also, the stellar mass density
is calculated using a M/L ratio of 0.5±0.1. This simple re-
lation has been found to be consistent at 3.6 µm with a
variety of techniques: optically calibrated stellar population
synthesis models (Oh et al. 2008; Eskew et al. 2012; Mc-
Gaugh & Schombert 2014), rotation curve decomposition
(Barnes et al. 2014), stellar population synthesis calibrated
with [3.6]-[4.5] µm colors Meidt et al. (2014), and with the
Tully-Fisher relation (McGaugh & Schombert 2015). Exam-
ples which span the range of morphological types of EDGES
is found in Figure 4, and surface brightness profiles for the
entire sample are available within the supplementary online-
only version of this paper.
4.2 Component fitting and modeling
Variations within the surface brightness profiles are caused
from a multitude of sources, including the PSF, transitions
from one galactic component to another, (e.g. bulges, bars,
discs, and stellar halos), spiral structure, asymmetries in a
component’s two-dimensional profile, and radial migration.
To study these phenomena individually, we model the sur-
face brightness profiles as a number of overlapping compo-
nents. These models include a bulge component which is
MNRAS 000, 1–19 (2019)
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Figure 3 (Cont.). A sampling of 3.6 µm mosaics.
based upon the 3.6 µm PSF, and disc components based
upon Se´rsic disc profiles Se´rsic (1968).
4.2.1 The bulge model
While traditionally bulges have been modeled as Se´rsic pro-
files with n > 2, we have found that the bulge profile is dom-
inated by the PSF in the EDGES surface brightness profiles
after smoothing the PSF to 3′′. To measure the bulge as a
point source we have created a PSF specifically for EDGES
with the aid of the Spitzer Warm Mission extended Point
Response Function (PRF) from the NASA/IPAC Infrared
Science Archive 1. The PRF is transformed to the EDGES
platescale with the IDL task CONGRID, then smoothed us-
ing a Gaussian with a 4 pixel standard deviation with the
python function astropy.convolve (Astropy Collaboration
et al. 2013), the same procedure used to smooth the mosaics.
This result is then normalised to sum to unity, resulting in
the EDGES PSF. We note that the PSF differs between mo-
saics since the set of images used to construct the mosaics
were split into subsets taken on different days, resulting in
1 http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/calibrationfiles/psfprf/
subsets of images taken with different telescope orientation
angles. The diffraction spikes do not overlap with different
orientation angles, creating differences in the final PSF for
each mosaic. However, with only a single spatial dimension,
the surface brightness profile’s PSF does not suffer from this
orientation issue, and is the same for each surface brightness
profile. The contribution from the central point source to the
surface brightness profile is the following ratio:
Sbulge =
S0
PSFcen
, (1)
where Sbulge is the total surface brightness within the bulge,
S0 is the surface brightness at R = 0 on the surface bright-
ness profile, and PSFcen is the value of the central pixel in
the normalised PSF. We note that in many cases the galaxy
in question will not have a significant contribution from a
bulge or any other central point source. In these cases the
modeled central surface brightness of the disc (described be-
low) is compared to the measured central surface brightness.
If they are within 2σ of one another the contribution from
the central point source is set to zero.
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Figure 4. Surface brightness profiles. R25 is denoted as the solid and labeled line, the dashed line denotes the extent of the spiral
structure, and the colored lines mark the locations of the breaks (blue for an up-bending break, red for a down-bending break). The blue
line is the model fit convolved with the PSF. Also included is the local scale length, hlocal (middle), and the asymmetry parameters a
(bottom).
4.2.2 disc models
To model the disc we assume Se´rsic disc profiles (i.e. n = 1),
of the general form:
S(R) = S0exp[−(R/h)], (2)
where S is the surface brightness at a semi-major axis, R, S0
is the surface brightness of the disc at R = 0, and h is the
scalelength. To include breaks in the model, where the slope
of the surface brightness profile abruptly changes, we allow
for multiple Se´rsic disc profiles defined for specific radial
regimes. Our final model takes the form:
S(R) =

Sbulge, R = 0,
S01exp[−(R/h1)], 0 < R 6 Rb1,
S02exp[−(R/h2)], Rb1 < R 6 Rb2,
...
S0n exp[−(R/hn)], Rbn−1 < R 6 200 kpc
(3)
where the numerical subscripts denote with which Se´rsic disc
profile a parameter is associated, n denotes the total number
of these profiles, and Rb is a break radius.
To locate the break radii a first pass is performed with
the “mark-the-disc” method from Pohlen & Trujillo (2006).
The first step is to mark the extent of the disc-like section of
the surface brightness profile where the Se´rsic index is one.
The inner mark denotes the extent of the bulge, or as is the
case with the EDGES data, the extent of the contribution
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Figure 4 (Cont.). Surface brightness profiles.
from the central point source. For galaxies with a prominent
bulge this is determined by eye, and for galaxies without a
prominent bulge (described above) the inner mark is set to
zero. The outer mark is determined visually by examining
the mosaics and drawing an aperture over the extent of each
galaxy.
Once the disc has been marked, the local scalelength
hlocal profile is measured along the disc. This is done
by calculating the slope of the surface brightness profile
within eleven neighboring points with scipy’s curve fit, a
Levenburg-Marquardt least squares fitting algorithm. The
weighted mean of the local scalelength between the inner
and outer marks is calculated and the points where the lo-
cal scalelength crosses the weighted mean are used as the
initial break radii. These values are then used to fit the ini-
tial parameters of the model (see above). For galaxies with
no significant break in their 3.6 µm surface brightness pro-
file many false breaks can be identified with this approach
due to slight variations in the local scalelength caused by
spiral structure, or from random scatter in hlocal due to the
uncertainties in the surface brightness profile. This method
may also miss breaks in galaxies with multiple breaks, where
a break may occur entirely above or below the weighted
mean. For galaxies with either no breaks or multiple breaks
the radii are determined by eye, then the model is fit (see
Equation 3) and the breaks are adjusted iteratively until the
model correctly reproduces the observed surface brightness
profile. See Figure 4 for example surface brightness profiles
with the local scalelength profile, break locations, the fits to
the surface brightness profile between each break, and the
complete model.
4.3 Extended PSF
A serious concern for any study of extended surface bright-
ness profiles is the influence of the PSF on the extreme out-
skirts of the surface brightness profile. In some cases, the ex-
tended wings of PSFs cause a break to appear. Large ground-
based reflectors in particular suffer from this problem (e.g.
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Figure 5. NGC 4151 modeled without the up-bending break at
1.8′. Observed data are black points with included uncertainties.
The model is represented as a blue dashed line and contains only
the bulge and first disc component. The PSF is scaled to appear
on this plot and is the orange dashed-dotted line. The model
convolved with the PSF is the green solid line. Note that a false
up-bending break is produced but appears at 29 AB mag arcsec−2,
below the EDGES detection limit.
Sandin 2014; Trujillo & Fliri 2016), and this is especially true
for red optical observations with thinned CCDs, where even
shallow images are affected (Michard 2002). The Dragon-
fly group foregoes large reflectors entirely and has achieved
incredibly deep images (µB ∼32 µ (mag/′′)) with a fully au-
tomated array of commercially manufactured refractors (48
lenses for an equivalent aperture of 99 cm at the time of this
writing). These Canon-branded instruments were originally
designed for sports or birding photography (Abraham & van
Dokkum 2014), have an effective aperture of only ∼400 mm,
and do not suffer from extended wings in their PSFs since
they are refractors and because of a proprietary chemical
coating on the lens designed to limit diffraction spikes from
bright stadium lights.
We investigate the effect of the Spitzer 3.6 µm PSF
on the EDGES data set by constructing a model with the
method used in Sandin (2014, 2015). This method is based
upon the supposition that if a model bulge and disc are con-
volved with the PSF and an up-bending break is observed,
then observed up-bending breaks may be due to the wings
of the PSF and not from a distinct component within the
galaxy. For our model the bulge and disc are based upon
measurements from NGC 4151, an extreme case as it has the
brightest 3.6 µm central pixel in the entire EDGES sample
due to its status as a Seyfert galaxy. The bulge is modeled
as a point source at R = 0 with S0 = 1340 MJy/sr, and a disc
with Se´rsic disc profile with S0 = 0.85 MJy/sr and h = 1.44′
(see Equation 3). The inner section of the PSF is based
upon the surface brightness profile of the model PSF used
to measure the contribution from the bulge (see § 4.2.2).
The extent of the model PSF is 2.′2, but we extend it by fit-
ting an inverse square law to the the model PSF beyond 1′
(which most PSFs tend to follow in this radial regime). The
PSF and model image are then convolved to produce Fig-
ure 5. This convolution correctly reproduces the bulge and
Figure 6. The subtracted bmodel image of Messier 063, high-
lighting the grand-design spiral structure.
disc section of the galaxy but there is no evidence of a stel-
lar halo caused by the wings of the PSF. A false up-bending
break is produced, but this break does not match the loca-
tion and brightness of the observed up-bending break. This
same procedure is used to test any up-bending break in the
entire sample but we find no evidence of false up-bending
breaks due to the extended PSF in EDGES data.
4.4 Break classification
The discs of each galaxy in EDGES are decomposed into
their individual components according to the breaks in the
surface brightness profile (see above). This is accomplished
by measuring the central surface brightness and scalelength
of the profile between each break with Equation 3 and
the Levenburg-Marquardt least squares fitting algorithm
curve fit. Each break is then classified according to its type
defined according to the following commonly used metric
(Erwin et al. 2008; Pohlen & Trujillo 2006; Gutie´rrez et al.
2011; Laine et al. 2014, 2016), where Type-I signifies no
break, Type-II signifies a down-bending break, or a de-
crease in scalelength, and Type-III signifies an up-bending
break, or an increase in scalelength. The Type-II breaks are
subdivided into Type-II.OLR (for Outer Linblad Reso-
nance), and Type-II.CT (for Classical Truncations). Outer
Linblad Resonances cause down-bending breaks via interac-
tions with the bar and occur at less than 2 times the bar
radius; thus any Type-II break with a radius less than 2
times the bar radius (measured by examining the mosaics
by eye) is classified as Type-II.OLR, and any other down-
bending break is classified as Type-II.CT. Type-III breaks
which occur within the spiral structure of the galaxy are clas-
sified as Type-III.S (for spiral) and Type-III breaks which
occur beyond the extent of the spiral structure are defined
as Type-III.O (for outer). The extent of the spiral struc-
ture was found by creating a difference image between the
mosaic, and a smooth, homogeneous model created by the
IRAF task bmodel. This difference image removes the power-
law profile from the images and leaves spiral structure. The
extent of the structure is measured with a circular aperture.
See Figure 6 for an illustration of this process.
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4.5 Mass measurement
To examine the physical properties of the EDGES galaxies
we measure the mass for each component within each galaxy.
The total flux density between two points for the Se´rsic disc
components (n = 1) is:
f (Ri < R < Ro) = 2piS0h2
{
γ
(
2,
Ro
h
)
− γ
(
2,
Ri
h
)}
, (4)
where f is the total flux density between the inner point,
Ri , and the outer point, Ro, S0 is the surface brightness at
R = 0, h is the scalelength, and γ is the incomplete gamma
function. For components between breaks, Ri and Ro span
the distance between the breaks, and we use Ro = 200 kpc
for the final component. To compute the mass we use:
M[M] = Υ3.6?
f [Jy]
c3.6m [Jy]
× 100.4(µ+M3.6 ), (5)
where M is the mass, Υ3.6? = 0.5 is the stellar mass-to-light ra-
tio at 3.6 µm (Oh et al. 2008; Eskew et al. 2012; Barnes et al.
2014; Meidt et al. 2014), c3.6m is the 3.6 µm calibration factor
(Reach et al. 2005), µ is the distance modulus taken from
the Extragalactic Distance Database (Tully et al. 2009), and
M3.6 = 6.02 is the absolute AB-based magnitude of the Sun
at 3.6 µm (Oh et al. 2008). The masses of the individual
galaxies, along with their respective model components, are
found in Table 2.
5 ANALYSIS AND DISCUSSION
5.1 Break statistics
The entire sample contains 121 breaks; 6% are Type-II.OLR,
31% are Type-CT, 20% are Type-III.S, and 43% are Type-
III.O. Seven galaxies have three breaks (8%), twenty-nine
galaxies have two breaks (32%), forty-two galaxies have one
break (46%), and fourteen galaxies have no breaks (15%).
This is compared to only 7/90 (8%) galaxies with two breaks
in Pohlen & Trujillo (2006), 5/47 (11%) in Gutie´rrez et al.
(2011), and 4/328 (1%) from Laine et al. (2014). Note that
these differences are sensitive to the wavelength of the sur-
face brightness profiles under study (Laine et al. 2016), the
method in which the breaks are determined, and the depth
of the imaging. These details are further expanded upon be-
low.
The mean break occurs at 6.6 kpc, the median at
5.2 kpc, and the furthest break occurs at 29.6 kpc. The
distribution of break radii is found in Figure 14. These
break-radii are similar to a number of optical-based stud-
ies of disc-breaks (i.e. Pohlen & Trujillo 2006; Erwin et al.
2008; Gutie´rrez et al. 2011), with a slightly higher fraction
of Type-III breaks which occur further away. The differences
from the optical studies (Pohlen & Trujillo 2006; Erwin et al.
2008; Gutie´rrez et al. 2011) are likely due to differences be-
tween near-infrared and optical data (such as dust lanes and
the greater effect of metallicity on optical data). In some
cases these differences between optical and infrared data
are enough to change the statistics of the break parameters,
as seen in the near-infrared based S4G and NIRS0S (Laine
et al. 2014, 2016). Despite also being in the near-infrared,
EDGES also differs from S4G, with less Type-I galaxies and
more Type-III galaxies. Galaxies labeled Type-III in EDGES
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Figure 7. The percentage of galaxies with a certain T-type.
Type-II and Type-III galaxies are slightly offset to emphasize
their differences.
would be labeled Type-I in S4G when the break occurs be-
yond the surface brightness limit of S4G (the unsmoothed
noise level of EDGES is 2.5 kJy sr−1 versus 7.2 kJy sr−1 for
S4G (Sheth et al. 2010), a difference of 1.15 magnitudes). Of
the five Type-I galaxies in (Laine et al. 2014) which are also
in EDGES, we classify four as Type-III and one as Type-II.
Figure 7 shows break type by morphological T-type.
Note that in this plot galaxies with multiple breaks are con-
sidered to be the type of their first break, which allows a
comparison to studies which did not find many galaxies with
multiple breaks. The bins are defined to mimic Pohlen &
Trujillo (2006) with three bins added to represent ellipticals,
Sa, and irregular/dwarf galaxies. The bins are thusly defined
as: T ≤ 0.5, 0.5 < T ≤ 2.5, 2.5 < T ≤ 4.5, 4.5 < T ≤ 6.5,
6.5 < T ≤ 8.5, T > 8.5 which roughly maps to ellipticals, Sa,
Sb, Sc, Sd, and irregular/dwarfs respectively. EDGES has a
relatively small sample of galaxies (92) and cannot fill every
bin. With that caveat, our data fall within the uncertainties
of Figure 5 in Laine et al. (2014). In general, Type-I profiles
are rare in all galaxies except irregulars and dwarfs, Type-II
profiles dominate in disc galaxies, and Type-III profiles are
common in all galaxies types.
To further investigate the break statistics in EDGES,
Figure 8 presents the break radius, Rbreak normalized by the
scalelength interior to the break hi, versus the log of the ratio
between the interior scalelength and the outer scalelength,
ho. The data-points are identified by their break type, either
Type-II.CT, Type-II.OLR, Type-III.S, or Type-III.O as dis-
cussed in § 4.4. The x-axis represents the strength and type
of the break; large values for strong breaks, small values for
weak breaks, and positive values for Type-III breaks, and
negative values for Type-II breaks. The y-axis is analogous
to the location of the break, normalised by the physical size
of the galaxy (this normalisation is important because discs
with high-valued scalelengths tend to be larger as they reach
the surface brightness limit more gradually). These data are
similar to the results in Laine et al. (2014) with a few key
differences. Due to the greater depth of EDGES a larger
number of Type-III breaks are detected farther out in the
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Figure 9. A comparison of LVL derived masses versus EDGES
derived masses.
disc, and with a slightly larger difference between interior
and outer scalelengths. This causes the overall break statis-
tics to be more heavily weighted towards Type-III breaks
(in 45% of EDGES galaxies the first break is Type-III ver-
sus 38% in Gutie´rrez et al. (2011) and 21% in Laine et al.
(2014)), and our results are a continuation of the general
trend in Figure 8.
5.2 Mass analysis
The total stellar mass within each galaxy is found by sum-
ming the components of each model from Equation 3. To
verify these results, we compare the total stellar mass for the
galaxies which appear in EDGES and also in LVL (Dale et al.
2009) in Figure 9. The LVL masses are found with Equa-
tion 5 along with the integrated flux from (Dale et al. 2009),
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Figure 10. The distribution of total mass for every galaxy in
EDGES (solid line) and in the LVL survey (dashed line).
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Figure 11. The distribution of total mass for the EDGES sample,
subdivided by galaxies with a single Type-I break (top-left), a
single Type-II break (top-right), a single Type-III break (bottom-
left), and for galaxies with multiple breaks (bottom-right).
and distances from the Extragalactic Distance Database
(Tully et al. 2009). We find that, on average, the total stel-
lar mass found in EDGES is larger than the total stellar
mass in the LVL sample. This offset is due to the differ-
ences in integration techniques, and the depth of the data;
EDGES integrates a model to 200 kpc, whereas in LVL the
total flux was calculated using aperture photometry which
encompasses the shallower LVL emission (which averages to
1.13 R25). In addition, we have computed the stellar mass
for the entirety of LVL to showcase the differences between
EDGES and a volume-limited sample in Figure 10. In gen-
eral, EDGES galaxies are more massive, and have a flatter
distribution than the galaxies found within LVL. This is due
to the sampling strategy (see § 2), and subsequent lack of
dwarf-irregular galaxies in EDGES in comparison to LVL.
In Figure 11 we plot the distribution of total stellar
mass according to the galaxy break-type. In this case, galax-
MNRAS 000, 1–19 (2019)
12 Staudaher et al.
8 9 10 11
Total Stellar Mass [M⊙]
18
20
22
24
µ
0
[A
B
m
ag
ar
cs
ec
−2
]
Type − I
Type − II.OLR
Type − II.CL
Type− III.S
Type − III.O
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Figure 13. The dependence of the inner scale-length, hi , on to-
tal stellar mass for each EDGES galaxy. The data are classified
according to the break-type of the first break.
ies with no breaks are considered Type-I, galaxies with a
single down-bending break are Type-II, galaxies with a sin-
gle up-bending break are Type-III, and galaxies with more
than one break are classified as “Multiple Breaks”. In gen-
eral, Type-I galaxies have the least stellar mass, followed by
Type-II galaxies, Type-III galaxies, and galaxies with mul-
tiple breaks have the greatest stellar mass.
These differences are coupled with the relation of galaxy
break type with central surface brightness and scale-length
of the disc components. In Figure 12 we plot the relation
between the central surface brightness of the inner-most
disc and total stellar mass. EDGES galaxies with high stel-
lar mass tend to have the brightest disc central surface
brightness. In Figure 13 we plot the relation between the
scale-length of the inner-most disc, and total stellar mass.
This relation is relatively weak, but positive, where galax-
ies with high total stellar mass have longer scale-lengths.
Both of these relations are found in the optically-based SDSS
(Gadotti 2009), as well as in the near-infrared based S4G
survey (Laine et al. 2016). In addition, we differentiate each
point by the type of galaxy as defined above. Type-I galaxies
tend to have low stellar mass, with dim cores, and short scale
lengths. Type-II galaxies have slightly higher mass, brighter
cores, and longer scale-lengths. Type-III galaxies have even
higher mass, brighter cores, and longer scale-lengths. Galax-
ies with multiple breaks have the highest mass with the
brightest cores and the longest scale-lengths.
5.3 Stellar halos
The Type-III, or up-bending, breaks in the EDGES sample
may be caused by a disc which is distinct from the inner
disc, a stellar halo, substructure in dwarf galaxies, the ex-
tended wings of the EDGES PSF, or by variance as the data
approach the noise-floor. We address the extended wings
possibility in § 4.3, and while the noise-floor may cause up-
bending breaks, these breaks are not statistically significant,
and do not occur often in our analysis after the disc has been
correctly marked (see § 4.2.2). This leaves distinct discs,
stellar halos, and substructure from dwarf galaxies. While
distinct discs and substructure within dwarfs have implica-
tions for the dynamic processes which form and shape galax-
ies, we focus on stellar halos as they have a direct link to
our broader, cosmological, understanding of the Universe. As
discussed in the introduction, the ratio of the mass in the
stellar halo to the total stellar mass of a galaxy follows a re-
lation predicted by the latest cosmological models of galaxy
evolution (Purcell et al. 2007; Cooper et al. 2013; Rodriguez-
Gomez et al. 2015). The prohibitive depth required to de-
tect stellar halos (µ>28 AB mag arcsec−2) makes verification
of the results from simulations difficult. With the depth of
EDGES, some percent of the Type-III breaks are likely as-
sociated with stellar halos. In this section we consider if a
Type-III break is the result of a stellar halo, or if the break
is associated with another cause.
A method to determine where discs end and stellar halos
begin is with resolved stellar populations. Stellar halos are
populated with stars born from multiple galaxies while disc
stars are generally born within the parent galaxy, causing a
myriad of differences between the stellar populations of disc
and halo stars. The GHOSTS survey has used this strat-
egy of differentiating between discs and halos with stellar
populations to investigate stellar halos within their sample
(Bailin et al. 2011; Harmsen et al. 2017). This method has
also found success in detecting ultra-faint dwarfs (Smercina
et al. 2017). Differing stellar populations are also reflected
within radial optical color differences (Chonis et al. 2011;
Dale et al. 2016). Lacking resolved stellar populations and
optical colors, we compare our solely mass-based observa-
tions with predictions from simulations (Cooper et al. 2013;
Rodriguez-Gomez et al. 2015) and observations of aggre-
gated stellar halos in SDSS (D’Souza et al. 2014).
Type-III breaks associated with stellar halos are be-
yond the disc. Therefore, we only consider breaks beyond
the observed spiral structure, Type-III.O. Also, for galax-
ies with multiple breaks, we only consider the final breaks
(those which occur at the largest radii). In Figure 15 we
plot component mass fraction (the mass integrated from the
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Figure 14. The distributions of break radii, Rbreak. These distri-
butions are grouped by break-type, with a red solid line repre-
senting Type-II.CT breaks, a red dashed line representing Type-
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Figure 15. The dependence of stellar mass fraction of disc com-
ponents which occur after a final Type-III break on total stellar
mass. These data are subdivided according to the radius at which
the Type-III break occurs, with filled circles being Type-III breaks
found beyond 15 kpc, grey circles are found between 6 and 15 kpc,
and white circles are found under 6 kpc.
final Type-III.O component over total stellar mass) versus
total stellar mass. These data are subdivided according to
the distribution of Type-III break radii (Figure 14). Type-
III breaks with radii less than the peak of the distribution
at ∼ 6 kpc are shown in white, galaxies above 6 kpc but
below the tail at 15 kpc are shown in gray, and any break in
the tail of the distribution, at 15 kpc, is shown as black. The
white points are generally associated with the dwarf galaxies
within the EDGES sample, with total stellar masses rang-
ing from ∼ 108 − 2 × 109 M. These breaks are most likely
caused by substructures within these small, often disturbed,
galaxies and are not necessarily caused by stellar halos. The
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Figure 16. The dependence of stellar halo mass fraction on total
stellar mass. The blue polygon represents the model from Cooper
et al. (2013), where the middle line is the median, nd the lower and
upper limits are a single standard deviation above and below the
median. The green polygon is similarly defined and represents the
model from Rodriguez-Gomez et al. (2015). The literature data-
points (see § 5.3) are represented by blue squares. The aggregated
stellar halo measurements from D’Souza et al. (2014) are purple
triangles, and the 7 galaxies with stellar halo candidates from this
work are represented by filled circles.
twenty six grey points fall nicely within the locus of the
simulations of (Cooper et al. 2013). While it is possible that
these breaks are associated with stellar halos, they appear
much closer to the center of their galaxies than simulations
predict (Purcell et al. 2007; Cooper et al. 2013; Rodriguez-
Gomez et al. 2016). A survey of the stellar populations found
within these galaxies would determine if these are due to
stellar halos or some other influence. The seven black points,
the galaxies with final Type-III.O breaks beyond 15 kpc are
retained as candidate galaxies with detected stellar halos.
These galaxies are NGC 3675, NGC 3953, M 109, NGC 4013,
NGC 4100, NGC 5005, and M 63.
The ratio of the mass due to final Type-III.O breaks
to the total stellar mass of the galaxy versus the total stel-
lar mass is shown in Figure 16. We include the predictions
from the simulations of Cooper et al. (2013) and Rodriguez-
Gomez et al. (2015), the average stellar halo in SDSS from
D’Souza et al. (2014), and a sampling of observed stellar ha-
los found within the literature: M 101 (van Dokkum et al.
2014), the Milky Way (Carollo et al. 2010), M 31 (Courteau
et al. 2011), M 63 (Staudaher et al. 2015), NGC 0253 (Bailin
et al. 2011), M 33 (McConnachie et al. 2010), NGC 2403
(Barker et al. 2012), NGC 3115 (Peacock et al. 2015), and
UGC 00180 (Trujillo & Fliri 2016). In general, the litera-
ture points appear below the median values of the simu-
lations. However, there is significant scatter amid the few
literature points, and given the stochastic nature of merger
events (Bullock & Johnston 2005; D’Souza & Bell 2018) a
more robust sample is needed. Our seven candidate stellar
halos are also included in this figure as black points. The
EDGES data fall within a single standard deviation of the
predictions from the models.
Another distinctive characteristic of stellar halos is
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Figure 17. The full 3.6 µm mosaic of NGC 3953. Note the looping
tidal stream south of the disc.
highly structured filaments; tidal streams caused by the
stochastic accretion of satellite galaxies (Cooper et al. 2013;
?) due to stochastic accretion of a handful of high mass sys-
tems (Bullock & Johnston 2005). We find similarly distinc-
tive structures in the seven candidate galaxies, especially in
M 63, NGC 4013, and NGC 3953, which either have known
tidal streams in the cases of M 63 (Chonis et al. 2011; Stau-
daher et al. 2015) and NGC 4013 (Mart´ınez-Delgado et al.
2009), or their stellar streams are newly discovered in the
EDGES data (for NGC 3953, see Figure 17). Barring new
data, the Type-III.O breaks beyond 15 kpc within these
seven galaxies are consistent with stellar halos.
6 SUMMARY
In this paper we describe the observational strategy for the
EDGES survey, along with the data processing techniques
used to create deep 3.6 µm mosaics for each of the 92 galaxies
within the sample. The surface brightness profiles of these
mosaics reach a depth of 28 AB mag arcsec−2. We model
these profiles as a combination of distinct Se´rsic discs, along
with a bulge component.
(i) We find many more galaxies with multiple breaks
(where the slope of the profile increases or decreases) than
previous, shallower, studies.
(ii) The type of the break depends upon the radius at
which the break occurs, and also on whether the break oc-
curred first, second, or third. In general, Type-II breaks oc-
cur closer to the cores of galaxies, and Type-III breaks occur
further out.
(iii) Galaxies without breaks are preferentially lower mass
than galaxies with breaks. In addition, galaxies with a single
Type-II break are less massive than galaxies with a single
Type-III break. Galaxies with multiple breaks tend to be the
most massive galaxies in the EDGES sample.
(iv) Type-III breaks are associated with stellar halos for
at least seven galaxies in our sample, with the possibility of
more. In general, the fraction of the mass within these halos
agrees with simulations, but many galaxies in EDGES show
no evidence for stellar halos despite the depth of the survey.
(v) A new tidal stream is discovered near NGC 3953.
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Table 1.
Galaxy α0 δ0 cz m − M mB d25 b/a PA T
J2000 J2000 (km s−1) (mag) (mag) (′′) (◦)
NGC0024 00:09:56.5 −24:57:47 554 29.42 ± 0.09 12.0 ± 0.1 345 0.23 46 5.1 ± 0.4
NGC0059 00:15:25.1 −21:26:40 362 28.4 ± 0.1 13.1 ± 0.2 158 0.50 127 -2.9 ± 0.7
NGC0625 01:35:04.6 −41:26:10 396 27.73 ± 0.09 11.8 ± 0.2 345 0.33 92 9 ± 1
UGC05829 10:42:41.9 +34:26:56 629 29.0 ± 0.2 14.0 ± 0.9 281 0.89 · · · 9.8 ± 0.6
NGC3344 10:43:31.2 +24:55:20 581 30.0 ± 0.1 10.8 ± 0.2 425 0.91 150 4.0 ± 0.3
NGC3486 11:00:23.9 +28:58:30 682 30.7 ± 0.4 10.8 ± 0.2 425 0.74 80 5.2 ± 0.7
UGC06112 11:02:35.3 +16:44:05 1034 28.4 ± 0.1 13.9 ± 0.2 151 0.32 123 7.4 ± 0.8
NGC3501 11:02:47.3 +17:59:22 1131 28.4 ± 0.1 13.6 ± 0.2 233 0.13 27 5.8 ± 0.5
NGC3507 11:03:25.4 +18:08:08 980 31.9 ± 0.2 · · · 203 0.85 110 3.1 ± 0.4
UGC06161 11:06:49.2 +43:43:24 757 30.3 ± 0.2 14.0 ± 0.3 154 0.48 40 7.9 ± 0.9
UGC06399 11:23:23.2 +50:53:34 792 31.6 ± 0.2 14.5 ± 0.3 165 0.28 142 9 ± 1
NGC3675 11:26:08.6 +43:35:09 770 31.5 ± 0.2 10.8 ± 0.1 353 0.53 178 3.0 ± 0.5
NGC3718 11:32:34.9 +53:04:05 994 28.8 ± 0.1 11.3 ± 0.2 488 0.49 15 1.1 ± 0.6
NGC3726 11:33:21.1 +47:01:45 866 30.6 ± 0.2 11.0 ± 0.2 370 0.69 10 5.1 ± 0.6
NGC3729 11:33:49.3 +53:07:32 1061 31.6 ± 0.3 12.3 ± 0.1 169 0.68 15 1.2 ± 0.7
NGC3769 11:37:44.1 +47:53:35 738 31.1 ± 0.4 12.3 ± 0.2 185 0.32 152 3.4 ± 0.9
UGC06628 11:40:05.7 +45:56:32 842 28.8 ± 0.1 13.9 ± 0.5 173 1.0 70 9 ± 1
NGC3893 11:48:38.2 +48:42:39 968 31.3 ± 0.3 10.8 ± 0.2 268 0.62 165 5.2 ± 0.8
UGC06792 11:49:23.3 +39:46:17 842 31.6 ± 0.2 14.6 ± 0.2 165 0.15 172 5.9 ± 0.5
NGC3917 11:50:45.4 +51:49:29 965 31.1 ± 0.2 12.4 ± 0.1 308 0.24 77 5.9 ± 0.5
NGC3922 11:51:13.4 +50:09:25 907 31.1 ± 0.4 13.8 ± 0.2 104 0.44 38 -0.1 ± 0.4
NGC3938 11:52:49.5 +44:07:15 810 28.8 ± 0.1 10.9 ± 0.1 322 0.91 29 5.2 ± 0.5
NGC3941 11:52:55.4 +36:59:11 929 30.5 ± 0.1 11.3 ± 0.1 208 0.66 10 -2.0 ± 0.4
NGC3949 11:53:41.7 +47:51:31 801 31.4 ± 0.2 11.5 ± 0.2 173 0.57 120 4.0 ± 0.1
NGC3953 11:53:48.9 +52:19:36 1053 31.4 ± 0.2 10.8 ± 0.1 415 0.50 13 4.0 ± 0.2
UGC06900 11:55:39.7 +31:31:07 590 28.8 ± 0.8 14.4 ± 0.5 125 0.62 115 9.7 ± 0.7
NGC3972 11:55:45.1 +55:19:15 853 31.6 ± 0.2 12.8 ± 0.2 233 0.28 120 4.0 ± 0.3
UGC06917 11:56:26.5 +50:25:43 911 31.4 ± 0.2 13.5 ± 0.3 213 0.57 130 9 ± 1
UGC06930 11:57:17.4 +49:16:59 778 28.8 ± 0.1 13.5 ± 0.5 262 0.63 47 6.6 ± 0.8
MESSIER109 11:57:36.0 +53:22:28 1049 32.1 ± 0.2 10.5 ± 0.1 455 0.62 68 4.0 ± 0.2
NGC3998 11:57:56.1 +55:27:13 1041 30.8 ± 0.1 11.4 ± 0.1 162 0.83 140 -2.1 ± 0.5
UGC06955 11:58:29.8 +38:04:35 906 31.4 ± 0.2 14.2 ± 0.8 301 0.51 70 9.8 ± 0.6
NGC4013 11:58:31.4 +43:56:48 832 31.6 ± 0.2 12.3 ± 0.2 315 0.20 66 3.1 ± 0.5
IC0749 11:58:34.0 +42:44:03 808 28.8 ± 0.1 13.0 ± 0.2 141 0.81 150 5.9 ± 0.5
NGC4010 11:58:37.9 +47:15:41 902 31.4 ± 0.2 13.0 ± 0.2 256 0.19 66 6.8 ± 0.9
IC0750 11:58:52.2 +42:43:21 701 31.9 ± 0.4 12.7 ± 0.1 158 0.45 43 2.2 ± 0.7
UGC06983 11:59:09.3 +52:42:27 1083 31.6 ± 0.3 13.8 ± 0.5 208 0.69 85 5.9 ± 0.5
NGC4026 11:59:25.2 +50:57:42 931 30.8 ± 0.1 11.6 ± 0.1 315 0.24 178 -1.8 ± 0.9
NGC4051 12:03:09.6 +44:31:53 701 30.2 ± 0.2 11.3 ± 0.2 315 0.74 135 4.0 ± 0.1
NGC4068 12:04:00.8 +52:35:18 210 28.2 ± 0.1 13.0 ± 0.2 199 0.53 30 9.9 ± 0.3
NGC4085 12:05:22.7 +50:21:11 746 31.6 ± 0.2 12.9 ± 0.1 169 0.28 78 5.2 ± 0.5
NGC4088 12:05:34.2 +50:32:21 757 30.8 ± 0.2 11.1 ± 0.1 345 0.39 43 4.7 ± 0.9
UGC07089 12:05:57.7 +43:08:36 770 30.3 ± 0.2 14.4 ± 0.3 194 0.20 36 7.9 ± 0.8
NGC4096 12:06:01.1 +47:28:42 566 30.5 ± 0.2 11.6 ± 0.1 396 0.27 20 5.3 ± 0.6
NGC4100 12:06:08.5 +49:34:58 1075 31.5 ± 0.2 11.6 ± 0.1 322 0.33 167 4.1 ± 0.6
NGC4102 12:06:23.0 +52:42:40 847 31.6 ± 0.2 11.9 ± 0.1 181 0.57 38 3.1 ± 0.5
NGC4111 12:07:03.1 +43:03:57 808 29.9 ± 0.1 11.6 ± 0.1 274 0.21 150 -1 ± 1
UGC07125 12:08:42.3 +36:48:10 1072 32.7 ± 0.4 14.2 ± 0.3 281 0.16 85 8.8 ± 0.7
NGC4138 12:09:29.8 +43:41:07 889 31.0 ± 0.1 12.1 ± 0.1 154 0.66 150 0 ± 1
NGC4143 12:09:36.1 +42:32:03 959 31.0 ± 0.1 12.0 ± 0.1 138 0.63 144 -2.0 ± 0.6
NGC4144 12:09:58.6 +46:27:26 265 29.17 ± 0.09 12.1 ± 0.1 362 0.22 104 5.9 ± 0.5
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Table 1 (cont’d)
Galaxy α0 δ0 cz m − M mB d25 b/a PA T
J2000 J2000 (km s−1) (mag) (mag) (′′) (◦)
NGC4151 12:10:32.6 +39:24:21 996 27.9 ± 0.4 10.9 ± 0.1 379 0.71 50 2.0 ± 0.5
NGC4183 12:13:16.9 +43:41:55 931 31.1 ± 0.2 12.8 ± 0.1 315 0.15 166 5.8 ± 0.5
NGC4203 12:15:05.1 +33:11:50 1087 30.9 ± 0.1 11.6 ± 0.1 203 0.93 10 -2.7 ± 0.7
NGC4214 12:15:39.2 +36:19:37 291 27.34 ± 0.08 10.2 ± 0.2 511 0.78 128 9.8 ± 0.5
NGC4220 12:16:11.7 +47:53:00 915 31.5 ± 0.2 12.2 ± 0.1 233 0.35 141 -0.3 ± 0.9
UGC07301 12:16:42.1 +46:04:44 690 32.0 ± 0.2 15.5 ± 0.2 109 0.13 82 6.5 ± 0.9
NGC4242 12:17:30.2 +45:37:09 506 28.7 ± 0.2 11.6 ± 0.2 301 0.76 25 7.9 ± 0.5
UGC07408 12:21:15.0 +45:48:41 462 29.3 ± 0.1 14.3 ± 0.3 158 0.46 100 10 ± 1
NGC4369 12:24:36.2 +39:22:59 1046 29.8 ± 0.2 12.2 ± 0.1 125 0.98 175 1.0 ± 0.9
NGC4389 12:25:35.1 +45:41:05 719 29.9 ± 0.2 12.7 ± 0.1 158 0.51 105 4.1 ± 0.5
UGC07577 12:27:40.9 +43:29:44 195 27.07 ± 0.08 13.9 ± 0.6 256 0.56 130 9.8 ± 0.9
UGC07608 12:28:44.2 +43:13:27 539 30.2 ± 0.1 · · · 203 0.98 · · · 9.9 ± 0.5
NGC4460 12:28:45.6 +44:51:51 490 29.8 ± 0.1 12.3 ± 0.1 239 0.29 40 0 ± 2
UGC07639 12:29:53.4 +47:31:52 382 30.2 ± 0.1 14.3 ± 0.4 138 0.71 153 9.9 ± 0.4
NGC4485 12:30:31.1 +41:42:04 493 29.7 ± 0.1 12.5 ± 0.2 138 0.71 15 10 ± 1
NGC4490 12:30:36.2 +41:38:38 566 30.2 ± 0.1 10.3 ± 0.2 379 0.49 125 7.0 ± 0.2
UGC07699 12:32:48.0 +37:37:18 496 31.3 ± 0.4 13.2 ± 0.2 228 0.27 32 6.1 ± 0.6
UGC07774 12:36:22.7 +40:00:19 527 32.2 ± 0.2 14.8 ± 0.3 218 0.12 102 6.3 ± 0.8
NGC4618 12:41:32.8 +41:09:03 545 30.2 ± 0.1 11.3 ± 0.2 250 0.81 25 9 ± 1
IC3687 12:42:15.1 +38:30:12 354 28.3 ± 0.1 14.5 ± 0.8 203 0.89 · · · 9.9 ± 0.3
NGC4707 12:48:22.9 +51:09:53 468 29.1 ± 0.1 14.5 ± 0.5 134 0.93 25 8.8 ± 0.5
NGC4861 12:59:02.3 +34:51:34 836 29.4 ± 0.4 12.5 ± 0.2 239 0.37 15 8.9 ± 0.6
IC4182 13:05:49.5 +37:36:18 321 28.22 ± 0.06 13.0 ± 0.7 362 0.91 · · · 8.8 ± 0.5
NGC5005 13:10:56.2 +37:03:33 947 31.27 ± 0.08 10.9 ± 0.2 345 0.48 65 4.0 ± 0.2
IC4213 13:12:11.2 +35:40:11 816 31.4 ± 0.2 14.0 ± 0.2 151 0.19 174 5.8 ± 0.5
NGC5023 13:12:12.6 +44:02:28 407 29.13 ± 0.09 13.0 ± 0.2 362 0.13 28 5.9 ± 0.4
UGC08303 13:13:17.6 +36:13:03 945 28.7 ± 0.1 14.1 ± 0.4 134 0.85 155 9.9 ± 0.3
NGC5033 13:13:27.5 +36:35:38 876 31.4 ± 0.2 10.6 ± 0.2 643 0.47 170 5.1 ± 0.8
UGC08320 13:14:28.0 +45:55:09 192 28.1 ± 0.1 13.5 ± 0.3 218 0.38 150 9.9 ± 0.4
MESSIER063 13:15:49.3 +42:01:45 484 29.78 ± 0.09 9.6 ± 0.1 755 0.57 105 4.0 ± 0.2
NGC5229 13:34:02.8 +47:54:56 364 30.5 ± 0.2 14.3 ± 0.2 199 0.17 167 6.7 ± 0.7
NGC5273 13:42:08.3 +35:39:15 1065 31.1 ± 0.1 12.4 ± 0.1 165 0.91 10 -1.9 ± 0.4
UGC08839 13:55:25.0 +17:47:42 958 31.7 ± 0.4 13.6 ± 0.9 239 0.68 120 9.9 ± 0.5
NGC5523 14:14:52.3 +25:19:03 1040 31.6 ± 0.2 12.7 ± 0.2 274 0.28 99 5.8 ± 0.5
NGC5608 14:23:17.9 +41:46:33 664 31.2 ± 0.4 13.9 ± 0.3 158 0.51 95 10 ± 1
ESO290-G028 22:57:09.0 −42:48:16 931 27.1 ± 0.4 14.3 ± 0.2 208 0.14 91 8.0 ± 0.5
NGC7713 23:36:15.0 −37:56:17 692 29.9 ± 0.2 11.7 ± 0.2 268 0.41 168 6.7 ± 0.8
UGCA442 23:43:45.6 −31:57:24 267 28.2 ± 0.1 13.4 ± 0.2 213 0.18 48 9 ± 1
ESO348-G009 23:49:23.5 −37:46:19 648 30.0 ± 0.5 · · · 144 0.41 83 10.0 ± 0.4
ESO149-G003 23:52:02.8 −52:34:40 590 29.2 ± 0.1 15.0 ± 0.2 131 0.18 148 9.7 ± 0.8
NGC7793 23:57:49.8 −32:35:28 227 27.77 ± 0.07 9.6 ± 0.2 560 0.68 98 7.4 ± 0.6
Note. — α0, δ0, cz, mB, d25, d25, and PA are from NED, m−M is from the Extragalactic Distance Database (Tully
et al. 2009), T is from HyperLeda2 (Makarov et al. 2014).
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Table 2.
Galaxy Total Mass Bulge Mass Disk0 Mass Disk1 Mass Disk2 Mass Disk3 Mass
M M M M M M
NGC0024 2.3±0.4e+9 · · · 2.2±0.4e+9 · · · · · · · · ·
NGC0059 3.9±0.5e+8 3.1±0.7e+7 1.6±0.4e+8 2.0±0.4e+8 · · · · · ·
NGC0625 7.0±0.9e+8 1.2±0.3e+7 2.7±0.6e+8 1.6±0.3e+8 2.5±0.5e+8 · · ·
UGC05829 2.2±0.4e+8 · · · 6±1.0e+7 1.6±0.4e+8 · · · · · ·
NGC3344 1.9±0.3e+10 8±2.0e+8 1.3±0.3e+10 6±1.0e+9 · · · · · ·
NGC3486 1.6±0.3e+10 1.3±0.4e+9 1.0±0.3e+10 4±1.0e+9 6±2.0e+8 · · ·
UGC06112 6±1.0e+7 · · · 5±1.0e+7 · · · · · · · · ·
NGC3501 7±1.0e+8 · · · 6±1.0e+8 3.3±0.8e+7 · · · · · ·
NGC3507 3.9±0.6e+10 2.6±0.6e+9 2.1±0.5e+10 9±2.0e+9 6±2.0e+9 · · ·
UGC06161 6±1.0e+8 · · · 1.8±0.4e+8 4±1.0e+8 · · · · · ·
UGC06399 1.9±0.4e+9 · · · 1.8±0.4e+9 · · · · · · · · ·
NGC3675 1.3±0.2e+11 7±2.0e+9 5±1.0e+10 4±1.0e+10 3.8±1.0e+10 · · ·
NGC3718 3.1±0.4e+9 4.0±0.8e+8 1.1±0.2e+9 1.6±0.3e+9 · · · · · ·
NGC3726 1.9±0.3e+10 5±1.0e+8 1.1±0.3e+10 7±2.0e+9 · · · · · ·
NGC3729 2.8±0.5e+10 2.2±0.7e+9 9±3.0e+9 1.2±0.4e+10 5±2.0e+9 · · ·
NGC3769 1.1±0.3e+10 · · · 8±2.0e+9 3±1.0e+9 · · · · · ·
UGC06628 5±1.0e+8 6±1.0e+6 2.3±0.5e+8 2.9±0.9e+8 · · · · · ·
NGC3893 2.8±0.6e+10 2.4±0.8e+9 1.8±0.6e+10 7±3.0e+9 · · · · · ·
UGC06792 1.6±0.3e+9 · · · 1.5±0.3e+9 · · · · · · · · ·
NGC3917 1±2.0e+10 3.2±0.8e+8 4±1.0e+9 5±1.0e+9 · · · · · ·
NGC3922 5±1.0e+9 8±3.0e+8 1.8±0.6e+9 2.4±0.9e+9 · · · · · ·
NGC3938 3.9±0.7e+9 1.3±0.3e+8 3.2±0.7e+9 6±2.0e+8 · · · · · ·
NGC3941 2.2±0.3e+10 4.2±1.0e+9 6±1.0e+9 1±2.0e+10 1.7±0.6e+9 · · ·
NGC3949 2.8±0.4e+10 1.6±0.4e+9 1.0±0.2e+10 1.2±0.3e+10 4±1.0e+9 · · ·
NGC3953 8±1.0e+10 4±1.0e+9 6±1.0e+10 8±2.0e+9 1.0±0.3e+10 · · ·
UGC06900 1.1±0.4e+8 · · · 6±3.0e+7 4±2.0e+7 · · · · · ·
NGC3972 1.4±0.2e+10 6±1.0e+8 6±1.0e+9 2.4±0.5e+9 5±2.0e+9 · · ·
UGC06917 4±1.0e+9 1±3.0e+8 4±1.0e+9 · · · · · · · · ·
UGC06930 9±1.0e+8 · · · 3.8±0.9e+8 5±1.0e+8 · · · · · ·
MESSIER109 1.5±0.2e+11 7±2.0e+9 8±2.0e+10 4.1±1.0e+10 2.8±0.8e+10 · · ·
NGC3998 2.3±0.3e+10 8±2.0e+9 1±2.0e+10 5±1.0e+9 · · · · · ·
UGC06955 2.0±0.5e+9 · · · 2.0±0.5e+9 · · · · · · · · ·
NGC4013 9±2.0e+10 · · · 8±2.0e+10 5±1.0e+9 · · · · · ·
IC0749 5.9±0.9e+8 2.3±0.5e+7 3.5±0.8e+8 2.1±0.5e+8 · · · · · ·
NGC4010 1.4±0.3e+10 · · · 1.1±0.3e+10 9±2.0e+8 1.3±0.5e+9 · · ·
IC0750 7±2.0e+10 · · · 5±2.0e+10 4±1.0e+9 4±1.0e+9 · · ·
UGC06983 6±2.0e+9 1.5±0.6e+8 2.0±0.7e+9 4±1.0e+9 · · · · · ·
NGC4026 2.1±0.2e+10 5±1.0e+9 5±1.0e+9 8±2.0e+9 2.6±0.6e+9 1.2±0.4e+9
NGC4051 2.4±0.3e+10 4±1.0e+9 6±2.0e+9 1.0±0.2e+10 2.6±0.8e+9 · · ·
NGC4068 1.3±0.2e+8 · · · 2.8±0.6e+7 1±2.0e+8 · · · · · ·
NGC4085 2.1±0.3e+10 2.2±0.5e+9 1.1±0.3e+10 5±1.0e+9 3±2.0e+9 · · ·
NGC4088 3.6±0.6e+10 1.9±0.5e+9 2.1±0.5e+10 1.1±0.3e+10 2.0±0.8e+9 · · ·
UGC07089 1.4±0.2e+9 · · · 2.6±0.6e+8 5±1.0e+8 6±2.0e+8 · · ·
NGC4096 1.6±0.3e+10 7±2.0e+8 1.2±0.3e+10 2.9±0.7e+9 · · · · · ·
NGC4100 4.1±0.7e+10 3.8±1.0e+9 2.5±0.6e+10 1.1±0.3e+10 2.1±0.9e+9 · · ·
NGC4102 4.2±0.6e+10 2.0±0.5e+10 1.8±0.4e+10 3±1.0e+9 · · · · · ·
NGC4111 8±1.0e+9 3.4±0.8e+9 3.6±0.8e+9 5±2.0e+8 · · · · · ·
UGC07125 8±2.0e+9 · · · 2.7±0.9e+9 5±2.0e+9 · · · · · ·
NGC4138 1.8±0.2e+10 3.7±0.8e+9 1.1±0.2e+10 1.4±0.3e+9 2.2±0.5e+9 · · ·
NGC4143 2.2±0.4e+10 6±1.0e+9 1.3±0.3e+10 2±2.0e+9 · · · · · ·
NGC4144 1.3±0.2e+9 · · · 8±1.0e+8 3.8±0.7e+8 1.5±0.3e+8 · · ·
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Table 2 (cont’d)
Galaxy Total Mass Bulge Mass Disk0 Mass Disk1 Mass Disk2 Mass Disk3 Mass
M M M M M M
NGC4151 4.2±0.9e+9 2.6±0.9e+9 5±2.0e+8 4±1.0e+8 8±3.0e+8 · · ·
NGC4183 7±1.0e+9 3.4±0.8e+8 4±1.0e+9 9±2.0e+8 1.2±0.4e+9 · · ·
NGC4203 2.4±0.3e+10 6±1.0e+9 7±2.0e+9 7±1.0e+9 4±1.0e+9 · · ·
NGC4214 1.6±0.2e+9 · · · 9±2.0e+8 6±1.0e+8 · · · · · ·
NGC4220 3.5±0.6e+10 3.6±0.8e+9 2.7±0.6e+10 5±1.0e+9 · · · · · ·
UGC07301 9±1.0e+8 · · · 2.1±0.6e+8 2.3±0.6e+8 3.2±0.8e+8 · · ·
NGC4242 2.0±0.3e+9 · · · 1.1±0.2e+9 9±2.0e+8 · · · · · ·
UGC07408 2.5±0.5e+8 · · · 2.4±0.5e+8 · · · · · · · · ·
NGC4369 1.7±0.3e+9 5±1.0e+8 1.2±0.3e+9 · · · · · · · · ·
NGC4389 3.0±0.6e+9 2.2±0.6e+8 2.0±0.5e+9 6±2.0e+8 2.2±0.6e+8 · · ·
UGC07577 6.8±1.0e+7 · · · 3.6±0.7e+7 3.2±0.7e+7 · · · · · ·
UGC07608 5±1.0e+8 · · · 3.5±0.8e+7 1±2.0e+8 3.5±1.0e+8 · · ·
NGC4460 3.9±0.6e+9 · · · 1.2±0.3e+9 2.4±0.5e+9 · · · · · ·
UGC07639 8±1.0e+8 · · · 3.2±0.7e+8 4±1.0e+8 · · · · · ·
NGC4485 2.0±0.4e+9 · · · 9±2.0e+8 1.0±0.4e+9 · · · · · ·
NGC4490 2.3±0.5e+10 · · · 2.1±0.5e+10 4±1.0e+8 2.0±0.7e+9 · · ·
UGC07699 3.0±0.8e+9 · · · 2.2±0.8e+9 7±2.0e+8 · · · · · ·
UGC07774 2.7±0.5e+9 · · · 1.3±0.3e+9 1.3±0.3e+9 · · · · · ·
NGC4618 9±1.0e+9 1.5±0.3e+8 3.2±0.7e+9 2.1±0.5e+9 1.8±0.4e+9 1.9±0.7e+9
IC3687 1.3±0.2e+8 · · · 5±1.0e+7 8±2.0e+7 · · · · · ·
NGC4707 2.5±0.4e+8 · · · 3.4±0.7e+7 8±2.0e+7 1.4±0.3e+8 · · ·
NGC4861 4±1.0e+8 · · · 4±1.0e+8 · · · · · · · · ·
IC4182 6±1.0e+8 · · · 6±1.0e+8 · · · · · · · · ·
NGC5005 1.3±0.2e+11 1.4±0.3e+10 6±1.0e+10 4.8±1.0e+10 1.7±0.4e+9 8±2.0e+9
IC4213 2.9±0.7e+9 · · · 1.9±0.4e+9 4.1±0.9e+8 5±5.0e+8 · · ·
NGC5023 6.8±1.0e+8 · · · 2.9±0.6e+8 3.7±0.8e+8 · · · · · ·
UGC08303 1.5±0.3e+8 · · · 1.4±0.3e+8 · · · · · · · · ·
NGC5033 9±2.0e+10 9±2.0e+9 4±1.0e+10 4±1.0e+10 · · · · · ·
UGC08320 1.5±0.3e+8 · · · 3.1±0.7e+7 1.2±0.3e+8 · · · · · ·
MESSIER063 8.5±1.0e+10 2.6±0.5e+9 1.7±0.4e+10 3.9±0.8e+10 1.2±0.2e+10 1.5±0.3e+10
NGC5229 8±1.0e+8 · · · 3.2±0.7e+8 4.4±1.0e+8 · · · · · ·
NGC5273 1.3±0.2e+10 2.0±0.5e+9 8±2.0e+9 3.3±0.9e+9 · · · · · ·
UGC08839 1.4±0.4e+9 · · · 4±1.0e+8 1±4.0e+9 · · · · · ·
NGC5523 8±1.0e+9 7±2.0e+8 2.9±0.8e+9 2.2±0.6e+9 1.6±0.4e+9 7±2.0e+8
NGC5608 1.3±0.4e+9 · · · 1.3±0.4e+9 · · · · · · · · ·
ESO290-G028 1.7±0.5e+7 · · · 1.6±0.5e+7 · · · · · · · · ·
NGC7713 4.4±0.6e+9 · · · 1.6±0.4e+9 1±2.0e+9 6±2.0e+8 1.2±0.3e+9
UGCA442 1.1±0.5e+8 · · · 5±1.0e+7 6±5.0e+7 · · · · · ·
ESO348-G009 2.5±1.0e+8 · · · 2.4±1.0e+8 · · · · · · · · ·
ESO149-G003 8±2.0e+7 · · · 2.5±0.5e+6 2.5±0.6e+7 5±1.0e+7 · · ·
NGC7793 3.5±0.4e+9 3.6±0.7e+7 5±1.0e+8 1.2±0.2e+9 1.7±0.3e+9 · · ·
Note. — Mass measurements as described in § 4.5.
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